Bulk SnSe is reported to be an excellent thermoelectric material at high temperatures. We now present the results on thermoelectric properties of nanoribbons of SnSe of variable widths obtained using density functional theory coupled with semi-classical Boltzmann theory. The calculated results find armchair nanoribbons of width 47 Å to be semiconducting and zigzag nanoribbons of width 52 Å to be metallic. A relatively high Seebeck coefficient (≈1720 μV K −1
Introduction
Thermoelectric materials have the capability to convert waste heat directly into electricity, hence, this class of materials is rapidly emerging as an alternate solution to the ever existing problem of energy crisis. The material's dimensionless figure-of-merit, ZT , ( ) By tuning these electronic and thermal properties, researchers aim to enhance the material's figure-of-merit. Alternatively, scaling the material down to nano-sized dimensions is suggested to enhance the power factor S 2 ( ) s values [1, 2] , due mainly to quantum confinement effects and a reduction in thermal conductivity [3, 4] . The nano-sized structures generally show electronic properties that differ from their bulk counterparts [5] [6] [7] . Tin selenide (SnSe) is a group IV-VI semiconducting material that has unique electronic and optical properties due to its layered structure [8, 9] . It has an orthorhombic crystal structure at ambient conditions with a band gap of ≈0.90 eV which is suitable for its use in photovoltaic devices [10] [11] [12] . Additionally, the thermoelectric properties of the bulk SnSe has been found to be excellent at high temperatures. Specifically, the ZT values at 923 K are reported to be ∼2.6, 2.3, and 0.8 along the crystallographic axes b, c and a (interlayer), respectively [13] . This is mainly a consequence of the phase transition of SnSe around 750 K from the Pnma to the Cmcm phase [13] . For the polycrystalline SnSe, an average ZT value of 0.5 at 823 K was measured [14] . Recent calculations show that bulk SnSe has a maximum figure of merit of around 1.0 for both n-type and p-type carriers at 300 K and 0.9 at 600 K [15] . At a higher temperature of 750 K, the maximum figure of merit was calculated to be 0.8 for p-type and 1.5 for n-type SnSe [16] .
It has recently been reported that a monolayer sheet of SnSe can exhibit a higher lattice thermal conductivity (≈2. 
Computational method
Electronic structure calculations based on density functional theory (DFT), using the Vienna Ab initio simulation package (VASP), were performed. A plane-wave basis set together with the project augmented wave pseudopotentials were used. The generalized gradient approximation (GGA) was used in the form of the PW-91 functional [18] . The convergence threshold were 10 −5 eV, 3×10 −2 eV Å −1 for energy and force, respectively.
An energy cut-off value of 500 eV was used for the plane-wave basis set. Nanoribbons of SnSe were constructed from a single layer of the bulk orthorhombic structure (Pnma). The calculated values of lattice constants are in good agreement with the experimental values of a=11.501 Å, b=4.153 Å and c=4.445 Å [19] . In the supercell representing a typical nanoribbon configuration, a vacuum region of 10 Å was used to minimize interactions between the periodic images during calculations. A Monkhorst-Pack Scheme with k-point grid of (4×4×12), (1×1×13), (1×13×1) were used for bulk, armchair, and zigzag nanoribbons, respectively. For the electron transport calculations [20] [21] [22] , a (3×3×13) k-point grid was used for the ANRs.
The Seebeck coefficient S , ( ) electrical conductivity , ( ) s and electronic thermal conductivity e ( ) k were obtained by the semi-classical Boltzmann theory implemented in the BoltzTrap code [20] , which uses details from the VASP calculated band structure. The lattice thermal conductivity l ( ) k was obtained using the ShengBTE [23] [24] [25] program which solves the phonon Boltzmann transport equation. The input files for the ShengBTE program include the second-order interatomic force constants and third-order interatomic force constants. The PHONOPY [26] program was used for the second-order interatomic force constants. The thirdorder interatomic force constants were obtained by the finite displacement method by moving two atoms in the supercell simultaneously and collecting the force on rest atoms [23] . Note that l k of the one dimensional nanoribbon is derived from the two-dimensional SnSe monolayer by considering that the boundary scattering rate is a function of the width of the ribbon.
Results and discussion
Nanoribbons of SnSe can be classified by the direction of termination, and are referred to as armchair (N-ANR) and zigzag (N-ZNR) nanoribbons with N being the number of edge atoms. Figure 1 illustrates the formation of armchair and zigzag nanoribbons from a SnSe monolayer sheet. The armchair nanoribbon comprises of Sn and Se atoms arranged in an alternative manner along the edges, while the edge of zigzag nanoribbon consists solely of Sn or Se atoms. This arrangement of zigzag nanoribbons is proven to be energetically favourable [27, 28] , and is found to be non-magnetic. lengths. For example, R Sn-Se of the edge atoms associated with 8-ANR (8-ZNR) are 2.7 (2.7) Å and 3.0 (2.9) Å (figure 1) whereas a layered structure of the bulk SnSe has two types of Sn-Se bonds with bond-lengths of 2.7 Å (upright) and 2.8 Å (lateral).
In a recent theoretical investigation based on density functional theory, electronic properties of zigzag (width <25 Å) and armchair (width <28 Å) nanoribbons of SnSe were reported [29] . It was found that the armchair nanoribbons are semiconducting and the pristine zigzag nanoribbons are metallic. Our calculated results considering the ribbon width of ≈50 Å for both zigzag and armchair SnSe nanoribbons are in excellent agreement with the previous results [29] . For example, the calculated binding energy is about 4.05 (4.02) eV atom −1 for 24-ANR of width 47 Å and 24-ZNR of width 53 Å, respectively (table S1, supplementary information). The calculated stability increases with the increase in the ribbon width ( figure S1, supplementary  information) . Also, the difference in the binding energies of ANRs and ZNRs reduces with the increase in ribbon width with ANRs being relatively stable. The ANRs and ZNRs show dissimilar electronic properties. (figures S2 and S3, supplementary information). Armchair nanoribbons of SnSe are semiconducting with an indirect band gap; the calculated bandgap is 0.92 eV for the ribbon width of 47 Å (N=24). Zigzag nanoribbons are metallic with a finite density of states at the Fermi level, and their metallic nature does not depend upon the ribbon width. We note that ZNRs with broken bonds (i.e. D structure) are reported to show an opening of the band gap for N8 [29] . Our results are in accordance with those reported for armchair MoS 2 [30] as well as grapheme [31] and silicon nanoribbons [32] in terms of the dependence of stability and band gap on the ribbon width.
The calculated results in terms of the projected density of states and the projected charge densities for the valence band maximum (VBM) and the conduction band minimum (CMB) show dissimilarity in their composition and nature associated with ANRs and ZNRs ( figure 2 and figure S3, supplementary information) . Both the VBM and the CBM are composed of states that are localized on the atoms over the ribbon for the ANRs. In the ZNRs the VBM consists of localized states and the CBM is composed of the delocalized states. The states for both the CBM and the VBM are localized at the edge of the ribbon. The difference in nature of the CBM states is likely to be the cause of difference in semiconducting or metallic-nature of the SnSe nanoribbons.
An insight into the transport coefficients is obtained using the Boltzmann transport theory as implemented in the BoltzTraP code [20] . The electrical conductivity and electronic thermal conductivity, which are dependent on the relaxation time , t is approximated using deformation potential theory [33] , Table 1 . Calculated values of the deformation potential (E 1 ), stretching modulus (C 1D ), effective mass (m e ), relaxation time (τ), and lattice thermal conductivity (κ l @ 300 K) for semiconducting armchair SnSe nanoribbons.
N-ANRs
Width Carriers where C 1D is the stretching modulus, E 1 is the deformation potential, m e is the effective mass, e is the electronic charge,  is the reduced Planck's constant, k B is the Boltzmann constant and T is the absolute temperature. The deformation potential is obtained by applying strain along the nanoribbons and checking the change of the band energy. Figure S4 gives one example for the calculation of E 1 for the 24-ANR of SnSe. The stretching modulus C 1D is calculated using the equation , which is larger than the reported value for the SnSe sheet [17] . On the other hand, σ shows an inverse behaviour wherein the highest value is attained for 24-ANR of SnSe. This behaviour can be attributed to a large relaxation time and small effective mass associated with 24-ANR (table 1). (table 1) . Figure 4 shows temperature dependent thermoelectric properties of the 24-ANR; S decreases with increasing temperature, while s shows the opposite trend. S 2 s and ZT values increase with temperature near the band gap. The value of ZT at 700 K is around 0.8 which is comparable to the range of ≈0.2-0.8 for the SnSe sheet at 750 K [17] . ZT for bulk SnSe was measured to be as high as 0.6 at 750 K for p-type doping [34] . A large value of ZT for SnSe nanoribbons may be associated with an increase of the Seebeck coefficient, similar to the case of SnSe monolayer [17] .
Summary
The stability, electronic and transport properties of SnSe nanoribbons are investigated in the framework of density functional theory coupled with semi-classical Boltzmann theory. The calculated results find armchair nanoribbons of width 47 Å to be semiconducting and zigzag nanoribbons of width 52 Å to be metallic. A noticeable difference in nature of conduction band states is likely to be the cause of difference in electronic properties of armchair and zigzag SnSe nanoribbons. The thermoelectric properties including the Seebeck coefficient, electrical conductivity, thermal conductivity, power factor, and the figure-of-merit for the semiconducting armchair nanoribbons are predicted to be different from the corresponding vales for the lowtemperature bulk SnSe. A relatively high Seebeck coefficient (≈1720 μV K −1
) and low thermal conductivity was calculated for the armchair nanoribbon of 6 Å width, while a large relaxation time and small effective mass was obtained for the armchair nanoribbon of 47 Å width. The calculated figure-of-merit of nanoribbons is predicted to be comparable to that of the monolayer, and the low-temperature Pnma bulk SnSe phase. Dissimilar to other materials, like MoS 2 [30] and phosphorene [35] where nanoribbons show superior thermoelectric properties than the corresponding bulk materials, the calculated results for SnSe nanoribbons suggest that patterning SnSe into nanoribbons may provide similar thermoelectric performance to the bulk and monolayer phases.
